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Abstract. We present decadal trend estimates of surface car-
bon monoxide (CO) simulated using the atmospheric chem-
istry general circulation model ECHAM5/MESSy (EMAC;
ECHAM5 and MESSy stand for ﬁfth-generation Euro-
pean Centre Hamburg general circulation model and Mod-
ular Earth Submodel System, respectively) based on the
emission scenarios Representative Concentration Pathways
(RCP) 8.5 for anthropogenic activity and Global Fire Emis-
sions Database (GFED) v3.1 for biomass burning from 2001
through 2010. The spatial distribution of the modeled sur-
face CO is evaluated with monthly data from the Measure-
ments Of Pollution In The Troposphere (MOPITT) thermal
infrared product. The global means of correlation coefﬁcient
and relative bias for the decade 2001–2010 are 0.95 and
−4.29%, respectively. We also ﬁnd a reasonable correlation
(R =0.78) between the trends of EMAC surface CO and
full 10-year monthly records from ground-based observation
(World Data Centre for Greenhouse Gases, WDCGG). Over
western Europe, eastern USA, and northern Australia, the
signiﬁcant decreases in EMAC surface CO are estimated at
−35.5±5.8, −59.6±9.1, and −13.7±9.5ppbvdecade−1,
respectively. In contrast, the surface CO increases by
+8.9±4.8ppbvdecade−1 over southern Asia. A high corre-
lation (R =0.92) between the changes in EMAC-simulated
surface CO and total emission ﬂux shows that the signiﬁ-
cant regional trends are attributed to the changes in primary
and direct emissions from both anthropogenic activity and
biomass burning.
1 Introduction
Atmospheric carbon monoxide (CO) is a key tracer in atmo-
spheric chemistry and climate change (Novelli et al., 1992;
Forster et al., 2007; Duncan and Logan, 2008; Gomez-Pelaez
et al., 2013). Major sources of atmospheric CO are fossil fuel
combustion and biomass burning on the earth’s surface (Wal-
lace and Hobbs, 2006). CO leads to the formation of tropo-
spheric ozone (O3) and carbon dioxide (CO2) through photo-
chemical and oxidation reactions (Crutzen and Gidel, 1983;
Fishman and Crutzen, 1978; Burrows et al., 1995). The main
sink of CO is oxidation by hydroxyl radical (OH) and re-
sults in a moderately long lifetime (i.e., weeks to months)
(Wallace and Hobbs, 2006). Because of this relatively short
lifetime, CO is not well-mixed in the troposphere. It also
controls the OH concentration and distribution (Levy, 1971;
Thompson, 1992; Crutzen, 1974; Logan et al., 1981), which
inﬂuences the oxidation of most trace gases on the earth
(Khalil and Rasmussen, 1990), such as methane (CH4) and
other pollutants (Lelieveld et al., 2004; Novelli et al., 1992;
Thompson and Cicerone, 1986). Therefore it contributes to
climate change with direct and indirect radiative forcings
around 0.024 and 0.2Wm−2, respectively (Forster et al.,
2007). Monitoring long-term series of surface CO is there-
fore important for understanding the inﬂuence of the direct
CO emissions on atmospheric chemistry and, indirectly, on
climate. Previous studies have shown that CO exhibited an
increasing trend (worldwide) before the 1990s (Khalil and
Rasmussen, 1988) and a decreasing trend (Novelli et al.,
1994; Law, 1999), due to the primary decreases in anthro-
pogenic emissions, thereafter (Duncan et al., 2007; Novelli
et al., 2003). Duncan et al. (2007) and Duncan and Logan
(2008) reported comprehensive results of the global/regional
budget of CO and leading causes of its trends and interannual
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variability from 1988 to 1997. Liu et al. (2010) looked into
the internal variation of CO in the tropical troposphere using
Aqua satellite data and the GEOS-Chem model in 2005 and
2006. There are no studies based on the model simulations
that estimate recent changes (since 2000) in global CO.
TheMeasurementsOfPollutionInTheTroposphere(MO-
PITT) instrument is a nadir-viewing gas ﬁlter correlation
spectrometer that has been measuring CO mixing ratios in
the troposphere from the Terra satellite. It provides the long-
term accumulated data of global CO that are the most suit-
able for the trend analysis because of their rigorous eval-
uation/validation (average errors for individual total col-
umn CO estimates: ±5–6%) and 13-year continuous records
since 2000 (University of Toronto and NCAR MOPITT
Team, 1996; Pan et al., 1995, 1998; Worden et al., 2013).
However, since the MOPITT-retrieved CO is based on clima-
tology, its trend estimates can be signiﬁcantly biased (Yoon
et al., 2013). The ground-based observations can provide
decades-long and highly accurate records using in situ mea-
surement methods, but only for the available ground sta-
tions. Therefore, there is a signiﬁcant limitation to estimate
a reliable trend of global and regional surface CO from
the study solely based on satellite-retrieved or ground-based
data. In order to overcome this limitation, this study uses the
ECHAM5/MESSy Atmospheric Chemistry (EMAC) model
(Jöckel et al., 2010; ECHAM5 is the ﬁfth-generation Euro-
peanCentreHamburggeneralcirculationmodel,andMESSy
is the second version of the Modular Earth Submodel Sys-
tem), which can provide useful simulations to analyze chem-
ical processes in the atmosphere and its interaction with the
ocean and land surfaces.
In this study, the EMAC model is used to simulate sur-
face CO trends from 2001 to 2010. The anthropogenic emis-
sions are based on the Representative Concentration Path-
ways (RCP) 8.5 (Rihai et al., 2007) and the biomass burning
emissions from the Global Fire Emissions Database (GFED)
v3.1 (Giglio et al., 2010; van der Werf et al., 2010). The
main objectives of this study are to analyze the long-term
trend of global and regional surface CO, simulated using
EMAC model, and to compare them to observationally de-
rived trends. This paper is organized as follows: in Sect. 2,
we describe the EMAC model and emission scenarios used
for the global surface CO simulations from 2001 to 2010, and
the MOPITT and WDCGG (World Data Centre for Green-
house Gases) observations for the evaluations of spatial dis-
tribution and temporal change in the simulated surface CO.
InSect.3,themodelresultsarespatiallyandtemporallyeval-
uated through comparison with the observational data sets. In
Sect. 4, we estimate the regional and global trends in EMAC-
simulated surface CO and explore the major causes for the
trends by comparing changes in CO direct emissions. Sec-
tion 5 summarizes and presents our results and conclusions.
2 Model, emission scenarios, and observational data
2.1 ECHAM5/MESSy Atmospheric Chemistry
(EMAC) model
TheEMACmodelisanumericalatmosphericchemistrygen-
eral circulation model (ACGCM) developed for investigat-
ing atmospheric processes and their interaction with ocean,
land, and human inﬂuences (see Jöckel et al. (2010) and
publications at http://www.messy-interface.org/). It consists
of ECHAM5 version 5.3.02 (Roeckner et al., 2006) and
MESSy2 version 2.42 (Jöckel et al., 2010). The simulation
results have been extensively evaluated with surface, air-
craft, and satellite observations in many publications, such as
Jöckel et al. (2006) and Pozzer et al. (2007, 2009, 2012a, b).
In this study, a T63L31 resolution was used, corresponding
to a horizontal resolution of approximately 1.875 by 1.875◦
in latitude and longitude and a vertical resolution of 31 lev-
els from the surface to 10hPa (i.e., vertical resolution: about
500m in the lower troposphere, 750m in the middle tropo-
sphere, and 1km around the tropopause) (Roeckner et al.,
2006).
2.2 Emission scenarios, RCP 8.5 and GFED v3.1
Several emission scenarios, e.g., the 1992 IPCC Scenarios
(IS92) (Leggett et al., 1992) and Special Report on Emis-
sion Scenarios (SRES) (Nakicenovic et al., 2000), have been
broadly used for the research on greenhouse gases, air pollu-
tants, and future climate (e.g., Hogrefe et al., 2004; Jacobson
and Streets, 2009). However, since they are the no-climate-
policy scenarios, they fail to explore the impact of different
climate policies (van Vuuren et al., 2011). The Fifth Inter-
governmental Panel for Climate Change Assessment Report
(IPCC AR5) gives an account of the concentration of green-
house gases with respect to atmospheric radiation affected
by anthropogenic activities (van Vuuren et al., 2011). The
RCPs were developed by four individual modeling groups
(i.e., NIES, IIASA, JGCRI, and PBL) (Riahi et al., 2007;
van Vuuren et al., 2006, 2007, 2011). They consist of four
emission scenarios also called RCP 2.6, 4.5, 6.0, and 8.5
representing the radiative forcing of anthropogenic activity
from 2.6 to 8.5Wm−2 in 2100, which depend on the mitiga-
tion or emission scenarios (van Vuuren et al., 2011). Among
them, emission RCP 8.5 is used in this study to investigate
the inﬂuence of anthropogenic activity on the change in sur-
face CO from 2001 to 2010. It assumes that the emissions in
greenhouse gases continue to increases post-2100 and their
concentrations are stabilized post-2200 (Riahi et al., 2007;
van Vuuren et al., 2011; Meinshausen et al., 2011). RCP 8.5
has been tested in Granier et al. (2011), which showed that
it is a “reasonable” choice for anthropogenic emissions after
the year 2000. Figure 1a shows the total mean of monthly
emission ﬂux of RCP 8.5 from 2001 and 2010. It illustrates
that the high CO emissions due to anthropogenic activities
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Figure 1. Global distributions of the total mean of monthly CO
emission ﬂuxes of (a) RCP 8.5 and (b) GFED v3.1 from 2001 to
2010.
are located in highly populated regions or the largest urban
megacities.
Fire is a signiﬁcant emission source of several trace gases
and aerosols, including atmospheric CO (Andreae and Mer-
let, 2001; Giglio et al., 2010). To consider the inﬂuence
of CO emission from biomass burning, the GFED v3.1
is used in this study. It is based on global ﬁre emissions
from deforestation and savanna, forest, agricultural, and peat
ﬁres (van der Werf et al., 2010). Version 3 is updated us-
ing the combination of the long-term time series of im-
proved satellite-derived data (e.g., burned area, ﬁre activity,
and plant productivity from the Moderate Resolution Imag-
ing Spectroradiometer (MODIS), Tropical Rainfall Measur-
ing Mission (TRMM), Visible and Infrared Scanner (VIRS),
Along Track Scanning Radiometer (ATSR), and Advanced
Very High Resolution Radiometer (AVHRR)) and model-
estimated data (fuel loads and combustion completeness us-
ing the Carnegie–Ames–Stanford approach (CASA) biogeo-
chemical model) from 1997 to 2009 (van der Werf et al.,
2010). Figure 1b shows the global mean distribution of
monthly GFED v3.1 surface CO emissions from 2001 to
2010 and shows that ﬁre activity in/around tropical rain-
forests leads to large CO emissions. Direct CO emissions
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Figure 2. Time series of the global mean of monthly CO emissions, (a) a constant emission of  2 
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Figure 2. Time series of the global mean of monthly CO emissions:
(a) constant emission of RCP 8.5 and GFED v3.1 after 2000 and
(b) the combination of RCP 8.5 and GFED v3.1.
from anthropogenic activity and biomass burning represent
around 50% of the total CO budget (Granier et al., 1999;
Duncan et al., 2007; Bergamaschi et al., 2000).
A simulation with constant emission (hereafter called CE
scenario) is performed to assess only the possible inﬂuence
of the meteorological transports on the surface CO trend as
shown in Fig. 2a. Emissions in the model simulation CE are
kept equal to the year 2000 from RCP 8.5 and GFED v3.1
for all 10 years of the simulation (2001–2010). In addition to
the simulation CE, the combination of RCP 8.5 and GFED
v3.1 (hereafter called RG scenario) in Fig. 2b is used for
simulating a realistic surface CO concentration. It should be
noted that, in RCP 8.5, CO emission does slightly decrease
(globally) from the beginning of the 21st century (Butler
et al., 2012). Chemistry and transport are fully decoupled,
so both simulations have binary identical meteorology (i.e.,
transport). Additionally, the model has been weakly nudged
towards analysis data of the European Centre for Medium-
Range Weather Forecasts (ECMWF) (Jeuken et al., 1996) up
to 100hPa to obtain realistic model dynamics.
2.3 MOPITT Version 5 Level 3 thermal infrared CO
The Measurements of Pollution in the Troposphere (MO-
PITT) instrument, on board the EOS (Earth Observing
System)-Terra spacecraft in 1999, has been providing con-
tinuous global products of CO total column values as well
as vertical proﬁles of CO volume mixing ratio from 1000
to 100hPa with a 100hPa interval (Deeter et al., 2003).
The global MOPITT-retrieved CO data with high accuracy
(expected precisions: 10%) have been applied to various
studies on its sources, transports, and sinks (e.g., publica-
tions at http://www.acd.ucar.edu/mopitt/publications.shtml).
In this study, the MOPITT Version 5 (V5) Level 3 (L3) ther-
mal infrared (TIR) surface CO products in daytime are used
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Figure 3. Research region domains and geolocations of WDCGG
stations listed in Tables 1 and 2, respectively.
since they have been improved in the retrieval sensitivity
and accuracy for the lower-tropospheric CO (Clerbaux et al.,
2009; Worden et al., 2010, 2013; Deeter et al., 2013). MO-
PITT TIR products are based on thermal-infrared radiation
at 4.7µm. Even though a new joint (multispectral) TIR–NIR
(near-infrared) product features the maximum sensitivity to
near-surface CO, the TIR-based MOPITT can avoid signif-
icant random errors in NIR-based MOPITT products (near-
infrared radiation at 2.3µm). The grey hatched regions de-
picted in Fig. 3 and listed in Table 1, including the globe
and the Northern and Southern Hemisphere, are selected for
the spatial evaluation and trend estimates. These regions are
important to monitor the surface CO released from anthro-
pogenic and ﬁre activities (see Fig. 1).
2.4 WDCGG surface CO
The WDCGG under the World Meteorological Organiza-
tion – Global Atmosphere Watch (WMO–GAW; http://www.
wmo.int/pages/prog/arep/gaw/gaw_home_en.html) was es-
tablished in 1990 by the Japan Meteorological Agency
(JMA) to assist in more reliable monitoring and ana-
lyzing of greenhouse (CO2, CH4, CFCs, N2O, surface
ozone, etc.) and related gases (CO, NOx, SO2, VOCs
(volatile organic compounds), etc.) (http://ds.data.jma.go.jp/
gmd/wdcgg/introduction.html). The WDCGG-archived CO
data are categorized according to the observation platforms
or analytical methods (see more details in GAW Report
No. 188, WMO, 2009). The full 10-year monthly records of
air sampling observations at the stationary platforms (shown
as green dots in Fig. 3) were used to evaluate the temporal
trend of EMAC-simulated surface CO. Detailed information
about the station’s geolocations, measurement methods, and
contributors is listed in Table 2.
3 Evaluation of EMAC-simulated surface CO
3.1 Evaluation of spatial distribution using MOPITT
V5 L3 TIR surface CO
It is quite challenging to retrieve tropospheric CO proﬁles
based on mostly passive remote-sensing instruments (includ-
ing MOPITT) because of a signiﬁcant dependence on at-
mospheric temperature proﬁle, surface pressure, and surface
temperature in the retrieval algorithms (Deeter et al., 2003).
In particular, without proper additional information, it is dif-
ﬁcult to avoid the systematic error in the retrieved proﬁles
from the algorithm that is developed based on climatology
(i.e., a priori CO proﬁles) (Eskes and Boersma, 2003). This
is why the averaging kernels, reﬂecting the relation between
the retrieved and true proﬁles (Pan et al., 1998; Rodgers,
2000; Deeter et al., 2003), are important for a proper com-
parison between satellite-retrieved and model-simulated pro-
ﬁles (Rodgers, 2000; Rodger and Connor, 2003; Eskes and
Boersma, 2003). The EMAC-simulated CO can be trans-
formed into a quantity (so-called pseudo-retrieval, ˆ x) com-
parable to the MOPITT-retrieved CO as follows (Deeter et
al., 2003, 2010):
ˆ x ∼ = x0 +A(x −x0) = Ax +(I −A)x0 (1)
where x0, A, I, and x represent the MOPITT a priori CO,
the MOPITT averaging kernels, the identity matrices, and
the EMAC-simulated CO proﬁles from surface to 100hPa,
respectively. In this study, we transformed the EMAC-
simulated surface CO into the surface pseudo-retrieval using
the surface MOPITT a priori CO and averaging kernels ma-
trix (Yoon et al., 2013).
The Taylor diagrams (Taylor, 2001; Forster et al., 2007;
Meehletal.,2007)inFig.4showthespatialcorrelationcoef-
ﬁcient (R), normalized standard deviation (SD), and normal-
ized centered root-mean-square (RMS) difference for the dif-
ferent regions (see Fig. 3 and Table 1) and for the globe. This
type of diagram can provide a concise statistical summary of
spatial pattern correlation between satellite observation and
model simulation (Taylor, 2001). The statistical quantities
are listed in Table 3. In Fig. 4, the more closely the simu-
lated pattern is located to the “Obs.” on the x axis, the more
closely it matches up with the observed spatial pattern. Ad-
ditionally, the relative bias (B) is included in Fig. 4, allowing
a more effective comparison between the spatial patterns of
the monthly EMAC-simulated and MOPITT-observed CO.
As shown again in Fig. 4b, the RG simulation results are
more consistent with the MOPITT observations (i.e., in most
regions, R is greater than about 0.9, less than about ±0.25
of normalized SD, less than about 0.5 of normalized cen-
tered RMS difference, and less than about ±10% of B) than
the one based on the CE scenario in Fig. 4a. Therefore,
we can conclude that the simulation RG agrees well with
the MOPITT-observed surface CO in the spatial distribution.
Rather poor agreement in the Paciﬁc Region (PAR) can be
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Table 1. Geolocation and abbreviation of the regions considered in the evaluation of the spatial distribution and estimation of the regional
and global trend of EMAC-simulated surface CO.
Region Abbreviation Latitude range Longitude range
a. Paciﬁc Region PAR 10–30◦ N 165–145◦ W
b. Eastern USA EUSA 25–45◦ N 90–70◦ W
c. Central South America CSA 18–5◦ S 80–35◦ W
d. Western Europe WE 35–60◦ N 10◦ W–15◦ E
e. Central Africa CAF 3–15◦ N 18◦ W–53◦ E
f. Southern Africa SAF 20–3◦ S 8E–42◦ E
g. Southern Asia SA 5–33◦ N 65–92◦ E
h. Eastern China EC 22–43◦ N 95–124◦ E
i. Southeastern Asia SEA 10◦ S–20◦ N 95–120◦ E
j. Northern Australia NA 20–11◦ S 120–150◦ E
k. Northern Hemisphere NH 0–90◦ N 180◦ W–180◦ E
l. Southern Hemisphere SH 90◦ S–0◦ N 180◦ W–180◦ E
m. Globe GL 90◦ S–90◦ N 180◦ W–180◦ E
explained by the biases in the MOPITT CO surface retrievals
at cleaner locations, such as over the Paciﬁc Ocean (Emmons
et al., 2004), and the failure to consider signiﬁcant inﬂuences
of natural sources (e.g., large-scale transport of tropospheric
CO caused by the enhanced biomass burning due to El Niño;
Chandra et al., 2009) in the EMAC model.
Figure 5 presents the global distributions of the seasonal
MOPITT surface CO and pseudo-retrievals based on the
EMAC-RG results from 2001 to 2010. The pseudo-retrieval
is similar to the distribution of the remote-sensed MOPITT
surface CO: the high concentration of surface CO emanating
from the source regions over the eastern USA, western Eu-
rope, central Africa, and southern and eastern Asia is due to
the combustion of fossil fuels and biomass burning (Wallace
and Hobbs, 2006; Worden et al., 2013), while the CO trans-
ported by the atmospheric circulation can be detected over
neighboring areas. To further analyze a spatial difference be-
tween the global distributions of seasonal MOPITT-retrieved
andEMAC-simulatedsurfaceCO,weshowthespatialdiffer-
ence in the third horizontal panel (Fig. 5c). In spring (MAM),
the EMAC simulations over the eastern USA and western
Europe dominantly inﬂuenced by anthropogenic emission
are underestimated by 13.6 and 10.9%, respectively, when
compared to MOPITT. In contrast, the relative difference
over southern Asia in autumn (SON) shows +16.5%. The
simulations over central Africa and southeastern Asia during
the biomass burning seasons (i.e., summer (JJA) to autumn
(SON)) are from +11.7 to +16.8%. Generally the simula-
tions are within ±10% of the MOPITT observations, and
therefore we can conclude that the EMAC-simulated surface
CO based on the realistic RG scenario obviously shows good
agreement with the MOPITT surface CO.
3.2 Evaluation of temporal change using WDCGG
surface CO
In this section, the WDCGG surface CO observations at the
stationary sites (see Fig. 3 and Table 2) are used to evalu-
ate the temporal changes of EMAC simulations. We applied
the monthly time series of EMAC-simulated and WDCGG-
archived data (Yt) to a linear trend model. The following
form of a typical linear model has been adopted in vari-
ous studies (Zhao et al., 2008; Hsu et al., 2012; de Meij et
al., 2012; Yoon et al., 2014) for estimating climatological
changesintheatmosphericsystem(Weatherheadetal.,1998,
2002):
Yt = µ+ωXt +St +Nt, (2)
where µ, ω, and Xt denote the constant, the magnitude of
the trend per year, and the years (Xt = t

12), respectively.
St is a seasonal component ﬁtted using Fourier analysis as
follows:
St =
4 X
j=1

β1,j sin
 
2πjt

12

+β2,j cos
 
2πjt

12

. (3)
Nt is the unexplained noise term, which is often assumed
to be autocorrelated with one time lag (Weatherhead et al.,
1998, 2002) as follows:
Nt = φNt−1 +εt, (4)
where φ is the autocorrelation coefﬁcient (−1 < φ < 1) and
εt is an independent random variable. If ˆ ω denotes the trend
estimate in Eq. (2), determined by minimizing the chi-square
error statistic, the standard deviation (σˆ ω) of the trend esti-
mate can be quite accurately approximated as follows:
σˆ ω ≈
σε
(1−φ)
1
n3/2 =
σN
n3/2
s
1+φ
1−φ
, (5)
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Table 2. WDCGG stations providing full 10-year monthly records of surface CO from 2001 to 2010. The WDCGG-archived data are used
for the evaluation of trend estimates in this study.
Station Latitude Longitude Country/ Contributor Instrument or analyses
name territory measurement method
Alert 82.5◦ N 62.5◦ W Canada CSIRO GC-HgO
Ascension Island 7.9◦ S 14.4◦ W UK NOAA/ESRL GC-HgO
Assekrem 23.3◦ N 5.6◦ E Algeria NOAA/ESRL GC-HgO
Barrow 71.3◦ N 156.6◦ W USA NOAA/ESRL GC-HgO
Cape Ferguson 19.3◦ S 147.1◦ E Australia CSIRO GC- HgO
Cape Grim 40.7◦ S 144.7◦ E Australia CSIRO GC-HgO
Cape Grim 40.7◦ S 144.7◦ E Australia NOAA/ESRL GC-HgO
Cape Point 34.4◦ S 18.5◦ E South Africa SAWS GC-other
Casey Station 66.3◦ S 110.5◦ E Australia CSIRO GC- HgO
Halley Bay 75.6◦ S 26.5◦ W UK NOAA/ESRL GC-HgO
Hegyhatsal 47.0◦ N 16.7◦ E Hungary NOAA/ESRL GC-HgO
Heimaey 63.4◦ N 20.3◦ W Iceland NOAA/ESRL GC-HgO
Izaña (Tenerife) 28.3◦ N 16.5◦ W Spain NOAA/ESRL GC-HgO
Key Biscayne 25.7◦ N 80.2◦ W USA NOAA/ESRL GC-HgO
Mace Head 53.3◦ N 9.9◦ W Ireland AGAGE GC-MD
Mace Head 53.3◦ N 9.9◦ W Ireland NOAA/ESRL GC-HgO
Macquarie Island 54.5◦ S 159.0◦ E Australia CSIRO GC-HgO
Mahe Island 4.7◦ S 55.2◦ E Seychelles NOAA/ESRL GC-HgO
Mauna Loa 19.5◦ N 155.6◦ W USA NOAA/ESRL GC-HgO
Mt. Waliguan 36.23◦ N 100.9◦ E China NOAA/ESRL, CMA GC-HgO
Niwot Ridge (T-van) 40.1◦ N 105.6◦ W USA NOAA/ESRL GC-HgO
Park Falls 45.9◦ N 90.3◦ W USA NOAA/ESRL GC-HgO
Palmer Station 64.9◦ S 64.0◦ W USA NOAA/ESRL GC-HgO
Payerne 46.8◦ N 7.0◦ E Switzerland Empa NDIR
Point Arena 39.0◦ N 123.7◦ W USA NOAA/ESRL GC-HgO
Ragged Point 13.2◦ N 59.4◦ W Barbados NOAA/ESRL GC-HgO
Rigi 46.1◦ N 8.5◦ E Switzerland Empa NDIR
Ryori 39.0◦ N 141.8◦ E Japan JMA GC-HgO
Sand Island 28.2◦ N 177.4◦ W USA NOAA/ESRL GC-HgO
Sede Boker 31.1◦ N 34.9◦ E Israel NOAA/ESRL GC-HgO
South Pole 90.0◦ S 24.8◦ W USA CSIRO GC-HgO
South Pole 90.0◦ S 24.8◦ W USA NOAA/ESRL GC-HgO
Syowa Station 69.0◦ S 39.6◦ E Japan NOAA/ESRL GC-HgO
Tae-ahn Peninsula 36.7◦ N 126.1◦ E Republic of Korea NOAA/ESRL GC-HgO
Tudor Hill 32.3◦ N 64.9◦ W UK NOAA/ESRL GC-HgO
Tutuila (Cape Matatula) 14.2◦ S 170.6◦ W USA NOAA/ESRL GC-HgO
Ulaan Uul 44.5◦ N 111.1◦ E Mongolia NOAA/ESRL GC-HgO
Wendover 39.9◦ N −113.7◦ W USA NOAA/ESRL GC-HgO
Yonagunijima 24.5◦ N 123.0◦ E Japan JMA GC-HgO
Zeppelinfjellet (Ny-Alesund) 79.0◦ N 11.9◦ E Norway NOAA/ESRL GC-HgO
CSIRO: Commonwealth Scientiﬁc and Industrial Research Organisation (http://www.csiro.au/)
NOAA/ESRL: National Oceanic and Atmospheric Administration/Earth System Research Laboratory (http://www.esrl.noaa.gov/)
SAWS: South African Weather Service (http://www.weathersa.co.za/web/index.php)
AGAGE: Advanced Global Atmospheric Gases Experiment (http://agage.eas.gatech.edu/)
CMA: China Meteorological Administration (http://www.cma.gov.cn/en/)
JMA: Japan Meteorological Agency (http://www.jma.go.jp/jma/indexe.html)
Empa: Swiss Federal Laboratories for Materials Science and Technology (German acronym for Eidgenössische Materialprüfungs- und Forschungsanstalt)
(http://www.empa.ch/)
GC-HgO: gas chromatography – mercuric oxide reduction detection
GC-MD: gas chromatography – multiple detectors
GC-other: gas chromatography (other)
NDIR: non-dispersive infrared gas analyzer
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Table 3. Means (CO) and corresponding statistic quantities* used in the comparison of spatial patterns (i.e., Taylor diagram in Fig. 4) in
MOPITT-retrieved surface CO and pseudo-retrievals of EMAC-simulated surface CO.
Region MOPITT-retrieved surface CO Pseudo-retrieval of EMAC-simulated surface CO based on CE scenario Pseudo-retrieval of EMAC-simulated surface CO based on RG scenario
CO [ppbv] σ [ppbv] CO [ppbv] σ [ppbv] R [unitless] RMS [ppbv] B [%] CO [ppbv] σ [ppbv] R [unitless] RMS [ppbv] B [%]
PAR 91.78±33.49 7.32±5.28 78.05±15.88 3.28±2.82 0.45±0.63 6.53±5.86 −14.97±15.72 86.66±25.64 4.68±4.47 0.69±0.56 5.28±3.23 −5.58±10.06
EUSA 212.59±83.20 68.62±20.38 156.62±24.81 56.16±23.11 0.83±0.23 37.81±30.95 −26.33±23.90 197.96±48.06 66.63±16.25 0.96±0.04 19.97±12.95 −6.88±17.85
CSA 113.29±78.23 38.85±66.01 111.38±56.94 35.71±50.32 0.92±0.12 15.59±23.14 −1.68±16.39 121.76±82.84 45.99±74.00 0.91±0.13 19.14±25.80 +7.48±12.93
WE 159.28±47.53 30.35±18.35 127.78±25.46 27.74±22.21 0.67±0.42 23.56±16.71 −19.78±12.39 146.77±36.01 28.22±17.63 0.90±0.12 13.15±6.85 −7.85±7.67
CAF 144.80±89.62 48.61±66.40 145.30±88.66 63.57±102.14 0.89±0.15 30.55±41.63 +0.35±18.07 154.74±89.55 63.99±96.87 0.93±0.09 26.33±32.73 +6.86±18.10
SAF 131.09±83.03 45.83±49.46 129.09±61.08 44.95±46.05 0.77±0.36 30.86±34.40 −1.53±23.09 127.93±67.17 47.06±53.73 0.89±0.12 21.34±24.41 −2.41±17.74
SA 148.30±97.91 47.01±30.33 125.09±63.00 37.44±25.01 0.87±0.12 23.52±20.34 −15.65±19.05 164.62±107.02 64.56±46.64 0.94±0.05 25.36±21.47 +11.00±16.06
EC 251.16±97.49 105.37±51.19 176.03±49.78 77.18±39.77 0.74±0.14 70.42±39.08 −29.91±14.74 244.31±83.70 107.22±57.33 0.91±0.06 45.32±21.73 −2.73±14.23
SEA 132.01±52.60 61.51±50.05 133.78±33.34 57.43±44.83 0.89±0.12 27.85±29.05 +1.34±19.27 144.45±47.70 72.66±76.01 0.94±0.06 25.68±46.89 +9.42±15.39
NA 90.60±38.02 17.15±14.18 89.12±15.11 13.32±7.23 0.82±0.19 9.84±11.35 −1.64±26.81 91.07±31.94 16.06±13.43 0.84±0.22 9.43±6.72 +0.51±17.14
NH 131.86±40.93 48.95±22.27 111.97±24.17 39.46±23.05 0.81±0.13 28.90±16.72 −15.08±10.53 125.14±33.00 48.63±27.50 0.93±0.03 18.43±8.82 −5.10±7.94
SH 67.89±21.01 22.62±19.06 73.08±13.31 23.83±13.33 0.86±0.10 12.45±6.67 +7.64±13.67 66.16±19.04 25.44±21.77 0.94±0.06 9.03±9.26 −2.54±5.23
GL 99.80±13.54 50.98±22.70 92.30±6.52 38.52±16.30 0.87±0.06 25.99±13.24 −7.51±7.05 95.52±8.53 49.72±20.84 0.95±0.03 15.49±5.17 −4.29±5.58
* The statistic quantities are the mean values of monthly means (CO), standard deviations (σ), spatial correlation coefﬁcients (R), centered root-mean-square (RMS) differences,
and relative biases (B) from 2001 to 2010 with a 95% conﬁdence interval (±2σ).
Figure 4. Spatial pattern analyses of the pseudo-retrievals of EMAC simulations based on (a) CE and (b) RG scenarios against MOPITT-
retrievedsurfaceCOforselectedregiondomainslistedinTable1.Thediagramsshowthespatialcorrelationcoefﬁcients,normalizedstandard
deviations, and normalized centered root-mean-square differences between the EMAC simulations and MOPITT observations. The standard
deviation and centered root-mean-square difference are normalized to the variances of the observations. Detailed statistical quantities are
summarized in Table 3.
where σε, σN, and n denote the standard deviation of ε and
N,andthenumberofyears,respectively.Inthisstudy,wede-
ﬁne ˆ ω as a statistically signiﬁcant trend at a 95% conﬁdence
level when

ˆ ω

σˆ ω

 is larger than 2 (Tiao et al., 1990; Weath-
erhead et al., 1998). This method is strictly applied to the full
10-year monthly records to minimize statistical biases from
data inconsistencies in the trend estimates. In the same man-
ner, the trends are derived from the EMAC-simulated surface
CO data based on CE and RG scenarios at the grid closest to
the WDCGG stations (see Table 2).
The trends of EMAC-simulated surface CO based on the
RG scenario show better agreement and higher correlation
(i.e., the correlation coefﬁcient (R) and the slope of linear
best-ﬁt line (A) are 0.60 and 0.93±0.40 in Fig. 6b) with
the WDCGG trend than the ones based on the CE scenario
(R =−0.32 and A =−0.06±0.06 in Fig. 6a). The speciﬁc
values of trend estimates and statistical quantities are sum-
marized in Table 4. At some stations (i.e., Cape Point, Key
Biscayne, Niwot Ridge, Park Falls, Point Arena, Rigi, Sede
Boker, and Tae-ahn Peninsula in Fig. 6b) inﬂuenced by lo-
cal pollution or its transports, the trends of EMAC-simulated
surface CO based on the RG scenario are considerably dif-
ferent to the WDCGG trends. It is attributed to the WD-
CGG ﬂask sampling method, intended to minimize con-
tamination from local pollution (Haas-Laursea and Hartley,
1997), and the rather low resolution of the EMAC model
grid, which cannot discriminate between the local sources
(Pozzer et al., 2007). Therefore, for such stations, we have
not used the grid of EMAC-simulated surface CO closest to
the WDCGG stations, but a model grid box oriented towards
the upwind direction as suggested in Pozzer et al. (2007).
Again, Fig. 7 presents the comparison between the trends of
EMAC-simulated surface CO based on the RG scenario and
WDCGG-archived surface CO. A better correlation coefﬁ-
cient and slope of linear best-ﬁt line are obtained (R =0.78
and A =0.94±0.25). Therefore, we can conclude that the
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Figure 5. Global distributions of seasonal (a) MOPITT-retrieved surface CO, (b) pseudo-retrievals of EMAC-simulated surface CO based
on RG scenarios, and (c) their relative difference between 2001 to 2010.
long-term simulations based on the RG scenario provide sta-
tistically reliable trend estimates of global surface CO.
4 Global and regional trend estimates of
EMAC-simulated surface CO
4.1 Global scale
Novelli et al. (2003) reported that the global surface CO
decreased by −0.52ppbyr−1 from 1991 to 2001. They ex-
plained the decline by the sharp decrease in CO (Dlugo-
kencky et al., 1996) and the increase in surface atmospheric
OH (Bekki et al., 1994) that followed the eruption of Mt.
Pinatubo in June 1991. They also found that the decrease of
CO (−1.4ppbvyr−1) in the northern extratropics was caused
by the decrease in anthropogenic emissions in the Northern
Hemisphere from 1991 to 2001, but there was no signiﬁcant
trendintheSouthernHemisphere.Similarly,DuncanandLo-
gan (2008) found that the decrease in European emissions led
to a decreasing trend (−0.85%yr−1) in northern extratropics
from 1988 to 1997. Worden et al. (2013) showed that the en-
tireCO column stillhada smallnegativetrend inrecentyears
(below 1%yr−1), from 2000 through 2011, with a strong de-
crease of CO over the US, Europe, and China, although it is
not clear what is behind such trends.
Figure 8 presents the global trend of EMAC-simulated
surface CO based on the CE and RG scenarios. The trends
estimated in simulation CE could be attributed purely to
dynamical changes as emissions and long-lived species
are constant throughout the entire simulation. These trends
(Fig. 8a) are statistically signiﬁcant in the Southern Hemi-
sphere and their magnitudes are relatively small. They are,
however, not signiﬁcant when changing emissions are in-
cluded (simulation RG, Fig. 8b). In the realistic simula-
tion RG (Fig. 8b), decreasing trends are generally predom-
inant, in particular over Europe and the eastern USA as
a result of strict environmental regulation (Streets et al.,
2003; Yoon et al., 2011, 2014; Hilboll et al., 2013) and
over southeastern Asia due to less ﬁre activity (Giglio et
al., 2010). They are consistent with the WDCGG-archived
trends (see Sect. 3.2) as well as the decreasing trends in to-
tal CO columns retrieved from MOPITT and AIRS satel-
lite instruments (MOPITT: −1.44±0.44%yr−1 for Eu-
rope and −1.42±0.40%yr−1 for the eastern USA; AIRS:
−1.00±0.66%yr−1 and −0.96±0.36%yr−1, with ±2σ
errors, respectively) (Worden et al., 2013). In contrast, up-
ward trends are estimated over quickly developing coun-
tries and forested regions (i.e., around southern Asia, eastern
China, central South America, central and southern Africa).
They can be attributed to the increase in anthropogenic and
ﬁre activities (Burrows et al., 1995; Bovensmann et al., 1999;
Richter et al., 2005; Giglio et al., 2010). Novelli et al. (2003)
and Duncan and Logan (2008) also reported a similar trend
in northern extratropics inﬂuenced by the decrease in anthro-
pogenic emissions in the Northern Hemisphere in the decade
1988–2001.
4.2 Regional scale
The sources of tropospheric CO are in situ oxidations and
direct emissions: primarily oxidation of CH4 (∼800Tg
COyr−1), emissions from biomass burning (∼700Tg
COyr−1) and fossil and domestic fuel (∼650Tg COyr−1),
and oxidation of NMHC (non-methane hydrocarbons)
(∼203Tg COyr−1) (Bergamaschi al., 2000; WMO, 1999;
IPCC, 1996; Ehhalt et al., 2001; Duncan et al., 2007). In par-
ticular, the direct emissions alone account for around 50% of
the total CO budget (Ehhalt et al., 2001). In this section, we
estimate the surface CO trends by region and compare them
with the changes in direct emissions.
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Table 4. Trend estimate (ˆ ω) and corresponding signiﬁcance value (

ˆ ω/σˆ ω

) of the WDCGG-archived and EMAC-simulated surface CO at a
95% conﬁdence level. In this study, we deﬁne ˆ ω as a statistically signiﬁcant trend at a 95% conﬁdence level when

ˆ ω/σˆ ω

 is larger than 2
(Tiao et al., 1990; Weatherhead et al., 1998).
Station Contributor WDCGG-archived surface CO EMAC-simulated surface CO based on CE scenario EMAC-simulated surface CO based on RG scenario
ˆ ω ± 2σˆ ω

ˆ ω/σˆ ω

 ˆ ω ± 2σˆ ω

ˆ ω/σˆ ω

 ˆ ω ± 2σˆ ω

ˆ ω/σˆ ω


[ppbvdecade−1] [unitless] [ppbvdecade−1] [unitless] [ppbvdecade−1] [unitless]
Alert CSIRO −26.29± 19.85 2.65 −1.40± 2.01 1.40 −15.75± 12.37 2.55
Ascension Island NOAA/ESRL +7.68±5.99 2.56 −0.74± 2.19 0.68 +1.03±4.29 0.48
Assekrem NOAA/ESRL −6.79± 6.89 1.97 −1.23± 3.30 0.75 −7.39± 4.64 3.19
Barrow NOAA/ESRL −15.01± 21.03 1.43 −1.32± 2.65 1.00 −14.22± 12.18 2.34
Cape Ferguson CSIRO −12.64± 10.26 2.47 −3.61± 3.58 2.01 −7.32± 5.71 2.56
Cape Grim CSIRO −6.02± 4.04 2.98 −1.40± 2.2 1.27 −2.79± 8.23 0.68
Cape Grim NOAA/ESRL +1.52±5.06 0.60 −1.40± 2.2 1.27 −2.79± 8.23 0.68
Cape Point SAWS −10.23± 3.84 5.33 −3.35± 3.56 1.88 +6.62±5.77 2.30
Casey Station CSIRO −6.26± 5.28 2.37 −2.25± 1.83 2.45 −0.98± 5.63 0.35
Halley Bay NOAA/ESRL −1.10± 4.61 0.47 −1.98± 1.76 2.26 −0.68± 5.34 0.25
Hegyhatsal NOAA/ESRL −52.26± 31.63 3.30 +2.12±6.46 0.66 −52.73± 6.90 15.28
Heimaey NOAA/ESRL −13.54± 16.28 1.66 −1.51± 2.45 1.23 −17.68± 10.17 3.48
Izaña (Tenerife) NOAA/ESRL −4.89± 10.04 0.97 +0.02±3.29 0.01 −13.02± 5.20 5.01
Key Biscayne NOAA/ESRL +5.03±16.49 0.61 +3.40±6.94 0.98 −15.14± 6.50 4.66
Mace Head AGAGE −9.059± 15.53 1.17 −2.51± 5.41 0.93 −22.39± 8.26 5.42
Mace Head NOAA/ESRL −18.81± 14.63 2.57 −2.51± 5.41 0.93 −22.39± 8.26 5.42
Macquarie Island CSIRO −5.35± 3.55 3.01 −2.38± 1.50 3.18 −1.15± 5.50 0.42
Mahe Island NOAA/ESRL +5.89±10.85 1.08 −3.40± 3.43 1.98 −1.83± 4.96 0.74
Mauna Loa NOAA/ESRL −8.11± 11.40 1.42 −1.40± 2.45 1.14 −5.49± 4.89 2.25
Mt. Waliguan NOAA/ESRL, CMA −3.18± 24.61 0.26 −4.64± 11.22 0.83 −1.68± 12.61 0.27
Niwot Ridge (T−van) NOAA/ESRL −11.42± 11.89 1.92 −8.85± 8.33 2.12 −67.85± 9.97 13.61
Park Falls NOAA/ESRL −17.68± 15.16 2.33 −0.03± 8.77 0.01 −58.70± 11.67 10.06
Palmer Station NOAA/ESRL −0.05± 5.30 0.02 −2.21± 1.76 2.51 −0.94± 5.59 0.34
Payerne Empa −52.76± 22.21 4.75 +6.73±9.53 1.41 −55.53± 7.60 14.61
Point Arena NOAA/ESRL −11.30± 14.28 1.58 −0.84± 13.39 0.13 −36.40± 19.73 3.69
Ragged Point NOAA/ESRL −0.84± 6.08 0.28 −0.35± 1.87 0.37 −3.24± 2.19 2.96
Rigi Empa −16.06± 19.39 1.66 −0.54± 11.34 0.10 −77.92± 9.02 17.27
Ryori JMA −8.26± 9.40 1.76 −3.54± 5.85 1.21 −17.47± 11.15 3.13
Sand Island NOAA/ESRL −8.65± 15.33 1.13 −2.21± 3.46 1.28 −7.31± 6.60 2.22
Sede Boker NOAA/ESRL −16.49± 15.68 2.10 +0.23±6.14 0.08 +2.91±7.11 0.82
South Pole CSIRO −6.65± 3.77 3.53 −2.04± 1.73 2.36 −0.74± 5.28 0.28
South Pole NOAA/ESRL +0.96±5.38 0.36 −2.04± 1.73 2.36 −0.74± 5.28 0.28
Syowa Station NOAA/ESRL +0.08±4.88 0.03 −2.21± 1.67 2.65 −0.91± 5.20 0.35
Tae-ahn Peninsula NOAA/ESRL +18.32±36.25 1.01 +2.18±16.26 0.27 −1.37± 20.77 0.13
Tudor Hill NOAA/ESRL −9.45± 12.53 1.51 +3.36±4.34 1.55 −13.51± 5.81 4.65
Tutuila (Cape Matatula) NOAA/ESRL +2.39±4.57 1.04 −3.15± 1.29 4.89 −2.93± 2.60 2.25
Ulaan Uul NOAA/ESRL −22.21± 32.76 1.36 −0.55± 6.57 0.17 −15.30± 22.40 1.37
Wendover NOAA/ESRL −11.05± 12.24 1.81 −5.43± 4.83 2.25 −27.26± 7.27 7.51
Yonagunijima JMA −8.50± 13.84 1.23 −4.97± 6.52 1.52 −6.73± 8.61 1.56
Zeppelinfjellet (Ny-Alesund) NOAA/ESRL −15.61± 19.50 1.60 −0.21± 2.33 0.18 −15.90± 10.49 3.03
Figure 9 shows the regional trends of EMAC-simulated
surface CO for the selected regions (see Table 1 and Fig. 3),
and Fig. 10 shows the corresponding changes in the emis-
sions from anthropogenic activity and the biomass burning
data set (i.e., RCP 8.5 and GFED v3.1).
The Paciﬁc Region (PAR) is a remote area over open
oceans and is the focus of many studies on climate change
(e.g., Trenberth et al., 2002; Latif and Keenlyside, 2009;
Rieder et al., 2013) since it is sensitive to El Niño and
La Niña–Southern Oscillation (Rasmusson and Carpenter,
1982). Although PAR is almost not inﬂuenced by human ac-
tivity, shipping transport in this region still plays a role in
the CO concentration. The signiﬁcant trend of EMAC sur-
face CO is estimated to be −5.8±5.5ppbvdecade−1 and is
consistent with a signiﬁcant trend of monthly anthropogenic
emission (−0.007±0.003Mt COdecade−1).
The eastern USA (EUSA) and western Europe (WE)
are highly industrialized regions (Zhang et al., 2012;
Yoon et al., 2011), where anthropogenic CO emissions
are predominant (see Fig. 1a). Occasional inﬂuence from
biomass burning is found, as shown in Fig. 10. As a result
of environmental regulations over these regions in past
decades (Streets et al., 2003; Yoon et al., 2011, 2012,
2014), the decreasing trends of atmospheric aerosol and
short-lived trace gases have been reported in many studies
(e.g., Smith et al., 2001; Streets et al., 2006; Richter et al.,
2005; Hilboll et al., 2013). The dramatic decrease in EMAC
surface CO is estimated to be −59.6±9.1ppbvdecade−1
for EUSA and −35.5±5.8ppbvdecade−1 for WE and
is compatible (see Fig. 10) with the signiﬁcant change
in monthly emissions (−2.101±0.328Mt COdecade−1
for EUSA and −0.856±0.036Mt COdecade−1 for
WE). These results are comparable to Worden et
al. (2013) and Angelbratt et al. (2011), who derived
the downward trends in MOPITT total-CO column
((−3.14±0.88)×1016 moleculescm−2 yr−1 for eastern
USA and (−3.03±0.92)×1016 moleculescm−2 yr−1 for
Europe) and solar FTIR (Fourier Transform InfraRed)
partial-CO column (i.e., ∼0–15km) (−0.45±0.16%yr−1,
−1.00±0.24%yr−1, −0.62±0.19%yr−1, and
−0.61±0.16%yr−1 at the ground-based European stations
Jungfraujoch, Zugspitze, Harestua, and Kiruna).
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Figure 6. Comparisons of the trends of monthly EMAC-simulated
surface CO based on (a) CE and (b) RG scenarios with the trend
of monthly WDCGG-archived surface CO (with ±2σ errors for se-
lected WDCGG stations listed on Table 2). In particular in Fig. 6b,
some stations (i.e., Cape Point, Key Biscayne, Niwot Ridge, Park
Falls, Point Arena, Rigi, Sede Boker, and Tae-ahn Peninsula inﬂu-
enced by local pollution or transports) are selected as outliers and
are indicated by blue fonts. Detailed values are summarized in Ta-
ble 4.
Central South America, central and southern Africa,
southeastern Asia, and northern Australia (i.e., CSA, CAF,
SAF, SEA, and NA) are representative of the tropical rain-
forests (Ahlm et al., 2009; Held et al., 2005; Facchini et al.,
2000; McFiggans et al., 2005). Over these regions, a large
amount of surface CO has been emitted by biomass burning
(see Figs. 1b and 12) through deforestation due to land
use, subsistence agriculture, and spontaneous combustion
in warm and dry seasons (Reeves et al., 2010; Johnson et
al., 2008; Kirby et al., 2006; Davidson and Artaxo, 2004).
Insigniﬁcant trends in EMAC-simulated surface CO are esti-
mated over these regions (+30.0±53.4ppbvdecade−1
for CSA, +2.2±7.4ppbvdecade−1 for CAF,
+7.2±10.5ppbvdecade−1 for SAF, and
−21.3±39.1ppbvdecade−1 for SEA) except in NA
Figure 7. As in Fig. 6b but for the trends of monthly EMAC-
simulated surface CO from a model grid box oriented towards the
upwind direction at the stations.
Figure 8. Global trend estimates of monthly WDCGG-archived and
EMAC-simulated surface CO based on (a) CE and (b) RG scenar-
ios from 2001 to 2010. The signiﬁcant trends are shown as a plus
symbol (+).
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Figure 9. Regional and global trend estimates of monthly EMAC-
simulated surface CO based on RG scenario with ±2σ errors from
2001 to 2010.
(−13.7±9.5ppbvdecade−1) because of the strong interan-
nual variability of biomass burning emissions as shown in
Fig. 10.
China and India are highly populated and developing
countries home to about 36.5% of the world population
in 2013 (http://en.wikipedia.org/wiki/List_of_countries_by_
population) and generating 14.1% of world GDP in 2012
(World Bank Data, http://data.worldbank.org/). As a con-
sequence, large amounts of anthropogenic pollutants (e.g.,
aerosols, nitrogen dioxide, sulfur dioxide, and surface ozone)
that lead to environmental and health problems are emit-
ted into the atmosphere (Ohara et al., 2007; Pozzer et al.,
2012a, b; Lelieveld et al., 2013). The long-term change in
these pollutants has been a key issue in many studies (e.g.,
Yoon et al., 2014; Richter et al., 2005; Lu et al., 2010; Xu
et al., 2008). The increase in EMAC surface CO is esti-
mated in both regions to be +8.9±4.8ppbvdecade−1 for
SA and +9.1±9.7ppbvdecade−1 for eastern China (EC).
In the case of EC, since the trend is not statistically signiﬁ-
cant and is the opposite of the decreasing trend in the emis-
sion (−0.116±0.094Mt COdecade−1), it is inﬂuenced by
the changes in transport or secondary chemical production
(Tohjima et al., 2014; Angelbratt et al., 2011).
Figure 10. As in Fig. 9 but for ones of monthly RG CO emissions.
Figure 11. Comparisons of the trends of monthly RG CO emission
ﬂux against the trend of monthly EMAC-simulated surface CO with
±2σ errors for the selected regions listed oin Table 1. Black and
red fonts indicate the results of the comparison between all avail-
able trends and of the comparison between signiﬁcant trends only,
respectively.
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Figure 12. Long-term time series of surface CO emissions and relevant trace gases normalized to seasonal component over eastern China
from 2001 to 2010.
On a global scale, the simulation RG shows a signif-
icant trend only in the NH (−13.5±11.1ppbvdecade−1
for the NH, −0.8±6.7ppbvdecade−1 for the SH, and
−7.2±7.8ppbvdecade−1 for the globe (GL)). Notably, the
evident change in NH CO is attributed to the signiﬁcant
change in emissions (−6.940±3.805MtCOdecade−1). Fig-
ure 11 clearly shows a high correlation between the trends
in EMAC-simulated surface CO and total emission ﬂux
(R =0.88 between all trends and R =0.92 between signif-
icant trends). Since the trends of WDCGG-archived surface
CO are highly correlated with the EMAC-simulated trends as
shown in Fig. 8, we can conﬁrm that the changes in surface
CO over the past decade are mostly due to changes in the
emissions.
Notwithstanding a signiﬁcant decrease in the CO emis-
sions over eastern China, the simulated trend in surface CO
shows an insigniﬁcant increase. This is the opposite of the re-
sults from Worden et al. (2013) that showed a negative trend
in MOPITT tropospheric column CO over eastern China.
This inconsistency can be explained, as CO is not only con-
trolled by emissions but also by its chemistry (oxidation and
chemical formation). For example, OH is the main oxidant
of many trace gases and therefore one of the most impor-
tant species in atmospheric chemistry (Lawrence et al., 2001;
WallaceandHobbs,2006).COremovalfromthetroposphere
occursalmostexclusivelybyreactionwithOH(Hauglustaine
et al., 1998; IPCC, 1996), and, on the other hand, CO pro-
vides the most important sink for OH (Lelieveld et al., 2002;
Thompson, 1992). Figure 12 shows long-term time series of
surface CO emissions and trace gases from the simulation
RG relevant to the chemical production of CO and OH over
eastern China from 2001 to 2010. As mentioned, the direct
emissions from biomass burning and fossil and domestic fuel
generally have the most inﬂuence on surface CO change and
show a signiﬁcantly negative trend in the eastern China re-
gion (−7.25±5.00%decade−1). Oxidation of CH4 is the
primary chemical source for CO, and the surface CH4 in-
creases signiﬁcantly (+2.00±0.44%decade−1). In contrast,
isoprene (C5H8), an oxidation products that is another im-
portant source of CO (Holloway et al., 2000), changes by
−9.95±7.30%decade−1. These trends show that both di-
rect emissions and chemical formation of CO over the EC
region generally decreased during the decade 2001–2010.
However, surface NOx drastically increased dur-
ing the same decade (+62.41±5.04%decade−1),
which contributed to the decrease in the HOx
level (−26.99±5.94%decade−1 for HO2 and
−0.26±4.42%decade−1 for OH) via the formation of
HNO3 (+47.93±9.84%decade−1) (see also Lelieveld et
al., 2002, 2004). The decrease in OH concentration yields
a reduced oxidation of CO and, therefore, the presence
over the EC region of a slightly positive trend of CO. It
must be underlined that this trend is not signiﬁcant, and it
is calculated only for the surface. The total tropospheric
column of CO is strongly inﬂuenced by the long-range
transport of CO, which has a lifetime of around 1 month.
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The results of simulation CE, where the pure CO transport
induces a slight negative trend in the CO concentration over
EC, are therefore in agreement with the results of Worden et
al. (2013).
5 Summary and conclusion
The global and regional changes in surface CO have been es-
timated using the EMAC model for 2001 to 2010. The spatial
distributions and temporal changes in the EMAC-simulated
surface CO based on CE and RG scenarios have been exten-
sively evaluated with results derived from MOPITT-retrieved
and WDCGG-archived data. We have shown that the spatial
distribution and temporal change of EMAC-simulated sur-
face CO based on the RG scenario are consistent with the
observational data sets. Signiﬁcant trends in EMAC surface
COhavebeenfoundintheNorthernHemisphere(conﬁrming
the decreasing trends already reported in the northern extra-
tropics in the decade 1988–2001), in particular, a decreasing
trend over the eastern USA, western Europe, and an increas-
ing trend over southern Asia, mostly due to the changes in
anthropogenic emission. In contrast, over the regions inﬂu-
enced by biomass burning (i.e., central South America, cen-
tral Africa, southern Africa, and southeastern Asia), no sig-
niﬁcant trend has been detected because of a high interannual
variability of ﬁre activity.
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